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AN EXAMINATION OF THE ROLLING-CONTACT FATIGUE 

PROCESS I N  A CRYSTALLIZED-GLASS CERAMIC 

By Shelley Harre l l  and Erwin V. Zaretsky 

SUMMARY 

The NASA f i v e - b a l l  fa t igue  t e s t e r  was used t o  s t r e s s  i n  r o l l i n g  contact 1/2- 
1 inch-diameter b a l l s  of a crystal l ized-glass  ceramic f o r  durations up t o  1~ m i l -  

l i o n  s t r e s s  cycles. Standard operating conditions were room temperature and a 
m a x i "  Hertz s t r e s s  of 295,000 p s i .  The t e s t  specimens were subsequently sec- 
t ioned and studied t o  various depths below t h e  s t ressed  running t rack  by means of 
e lectron and l i g h t  microscopy techniques. 

In  t h e  e a r l y  stages of fa t igue,  s m a l l  holes developed i n  t h e  subsurface of 
t h e  s t ressed  running t rack .  The matrix around these holes no longer resembled 
t h e  matrix of an unstressed b a l l  specimen. A s  t h e  running time increased, elec- 
t r o n  microscopy showed a s e r i e s  of short ,  disconnected, t h i n  cracks developing i n  
t h e  region of these small holes.  These cracks approached but stopped at t h e  
c r y s t a l s  i n  the  matrix; they did not break the  c rys ta l s ,  but worked t h e i r  way 
around them. 

Cracks normal t o  t h e  surface developed independently of the  subsurface 
cracks. Spall ing o r  complete f a i l u r e  w a s  not necessar i ly  simultaneous w i t h  t h e  
development of surface cracks o r  w i t h  the  subsurface-originating cracks reaching 
the  surface.  Spall ing w a s  dependent on t h e  subsurface cracks forming a network 
and the  subsequent degeneration of the area between t h e  o r i g i n a l  subsurface 
cracks and the  s t ressed surface of the  specimen. 

INTRODUCTION 

With the advent of the  j e t  age and subsequently t h e  space age, bearing tech- 
nology has become more complex because of high load and temperature requirements. 
New mater ia ls  have been developed t o  meet these requirements. 
has become of paramount importance. However, t o  assure t h e  required r e l i a b i l i t y  
i n  these  new bearing mater ia ls ,  it i s  necessary t h a t  t h e  roll ing-contact fa t igue  
phenomenon be understood. 

High r e l i a b i l i t y  

Among the new mater ia ls  considered f o r  high-temperature appl icat ion i s  a 
crystal l ized-glass  ceramic known commercially as F'yroceram 9608. Research on 
roll ing-contact fa t igue  a t  t h e  NASA Lewis Research Center ( r e f s .  1 and 2 )  indi-  
cates  tha t  the  f a i l e d  or spal led area i n  t h i s  mater ia l  is  l imited i n  area and 



depth of penetration, and there  a r e  indications of a s t ress-affected zone i n  t h e  
subsurface region of the  running t rack.  
of s t e e l s .  

These failures appear similar t o  those 

I n  view of t h e  aforementioned, a study of the  roll ing-contact fa t igue  proc- 
ess  i n  t h i s  c rys ta l l ized  ceramic may give an insight  i n t o  t h e  fa t igue  phenomenon 
i n  other types of high-temperature material .  Therefore, t h e  objectives of the  
research contained herein were 
Pyroceram 9608 and ( 2 )  t o  determine t h e  mechanism of development f o r  incipient  
fa t igue  cracks and t h e  manner of t h e i r  propagation. 
t i v e s ,  l i g h t  and electron microscopy methods developed a t  t h e  NASA Lewis Research 
Center ( r e f .  3) were employed t o  study Pyroceram b a l l  specimens, each with a run- 
ning t rack t h a t  had been s t ressed i n  r o l l i n g  contact f o r  various lengths of time, 

up t o  1- mill ion s t r e s s  cycles. 

(1) t o  invest igate  t h e  fa t igue  phenomenon i n  

To accomplish these objec- 
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BACKGROUND 

There appears t o  be no reported l i t e r a t u r e  pertaining t o  a basic study of 
the  roll ing-contact fa t igue  phenomenon of a crystal l ized-glass  ceramic. However, 
it i s  reported i n  references 1 and 2 t h a t  there  i s  some s i m i l a r i t y  i n  t h e  fa t igue  
appearance of Pyroceram 9608 and bearing s t e e l s .  
s t ructure  of these two types of materials may be diss imilar ,  it was believed t h a t  
a review of t h e  l i t e r a t u r e  report ing findings pertaining t o  t h e  roll ing-contact 
fa t igue  phenomenon of bearing s t e e l s  might give some insight  i n t o  t h e  fa t igue  
process of a crystal l ized-glass  ceramic such as Pyroceram 9608. 

Therefore, even though the 

An ear ly  theory of roll ing-contact fa t igue i s  advanced i n  reference 4. Here 
it i s  theorized t h a t  microscopic cracks or ig ina l ly  located on t h e  surface of a 
s t e e l  r o l l i n g  element a r e  propagated i n t o  fa t igue  s p a l l s  ( f a i l u r e s )  by t h e  lubr i -  
cat ing f l u i d  penetrating these cracks under contact pressure. However, evidence 
obtained with r a d i a l l y  loaded, grooved b a l l  bearings, s t ressed t o  a maximum Hertz 
s t r e s s  of 800,000 p s i  on the  inner race,  indicates  t h a t  fa t igue cracking (and 
subsequent spa l l ing)  begins below the  surface of the  s t ressed race ( r e f .  5 ) .  
This same observation was a l s o  reported i n  references 6 and 7.  I n  these  r e f e r -  
ences it was noted t h a t  t h e  incipient  cracks appear t o  i n i t i a t e  a t  inclusions or 
other (mater ia l )  defects i n  the  subsurface region of resolved shear s t r e s s .  
more extensive study reported i n  reference 8 not only substantiated these obser- 
vations but pinpointed the  type of inclusions detrimental t o  bearing fa t igue  
l i f e .  These inclusions were believed t o  a c t  as s t r e s s  r a i s e r s ,  analogous t o  
notches i n  tension-compression and rotating-beam specimens. The cracks emanating 
from these inclusions appeared t o  propagate t o  the  specimen surface t o  form a 
spa11 o r  f a i l u r e ,  which w a s  l imited i n  area and depth of penetration. 
spalled area had a diameter roughly equal t o  t h a t  of the  running t rack  width, and 
the  depth extended 'approximately t o  the  depth of the maximum shearing s t r e s s . )  
From t h e  s tudies  of references 5 t o  8 it m i g h t  be postulated tha t  bearing s t e e l s  
with fewer inclusions would generally give longer l i v e s .  However, research un- 
dertaken t o  determine the  e f fec t  of mater ia l  cleanliness produced by d i f fe ren t  
mater ia l  fabr ica t ion  processes and reported i n  references 9 and 10 indicates  t h a t  
improved fat igue l i f e  of bearings made of vacuum-melted s t e e l s  does not appear t o  
be commensurate with t h e  improvement i n  cleanliness.  

A 

(The 
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Bearing s t e e l s  i n  general  have a mar tens i t ic  s t ruc ture ,  which appears t o  
undergo a transformation t o  tempered martensite i n  the  subsurface zone of re- 
solved shear stress because of continued s t r e s s  cycling. 
ported i n  references 5 t o  8 and 11. 
ence 11 t h a t  t h i s  change might not be a change t o  tempered martensite but  i s  i n  
essence a work hardening. 
c u  i n  nonferrous mater ia ls  such as F’yroceram. 

T h i s  phenomenon w a s  re- 
It was suggested i n  t h e  discussion t o  r e fe r -  

If this be t h e  case, t h e  same phenomenon may then oc- 

m m m s  AND APPARATUS 

F’yroceram 

Pyroceram i s  e s s e n t i a l l y  a g lass  t o  which a nucleating agent, usual ly  t i ta-  
nium dioxide, has been added. It obtains i t s  spec ia l  q u a l i t i e s  only after two 
heat- t reat ing processes. 
i n  t h i s  process, t h e  f i n a l  product is a c rys t a l l i zed  phase i n  an amorphous ma- 
t r i x .  

Because a l l  t h e  mater ia l  i s  not converted i n t o  c rys t a l s  

Before heat t r ea t ing ,  Pyroceram 9608 w a s  ca s t  i n t o  r a w  spherical  blanks ap- 
proximately 314 inch i n  diameter. 
ground t o  f in i shed  1/2-inch-diameter balls. 

After heat t r e a t i n g ,  t h e  r a w  blanks were 

Because t h e  chemistry of glasses  i s  similar t o  t h a t  of c rys ta l l ized-g lass  
ceramics, t he  s t r u c t u r a l  differences between these  types of mater ia ls  should be 
pointed out.  
of Fyroceram a re  shown i n  f igure  1 f o r  comparative purposes. Figure l ( a )  i s  
sheet g lass  (window g la s s )  and has no appreciable s t ruc tu re  t ha t  can be seen. 
second type of g lass ,  C a r r a r a  g lass  ( f i g .  l ( b ) ) ,  has a r a the r  heterogeneous 
s t ruc ture  w i t h  no pa r t i cu la r  concentration or or ien ta t ion  of t he  c rys ta l s .  The 
s t ruc tures  of these glasses  can be compared with the  s t ruc tures  of t h e  t w o  
c rys ta l l ized-g lass  ceramics i n  f igures  l ( c )  and (a ) .  Figure l ( c )  shows Pyroceram 
9606, which has a s t ruc tu re  of very la rge  c rys t a l s  randomly or iented and c lose ly  
spaced together i n  an amorphous matrix. As  can be seen f r o m  t h i s  e lec t ron  micro- 
graph, it i s  d i f f i c u l t  t o  dis t inguish t h e  smaller c rys t a l s  f r o m  t h e  matrix. The 
s t ruc ture  of t h e  other c rys ta l l ized-g lass  ceramic, Pyroceram 9608, i s  shown i n  
f igu re  l ( d ) .  Pyroceram 9608 d i f f e r s  f r o m t h e  two glasses  and Pyroceram 9606 i n  
t h a t  i t s  c rys t a l s  a r e  s m a l l ,  somewhat evenly dispersed, and randomly or iented 
within t h e  amorphous matrix. Therefore, fa t igue  cracks i n  th i s  mater ia l  can be 
detected with r e l a t i v e  ease. 

Photomicrographs of two representat ive g lass  products and two types 

A 

Test and Related Equipment 

The NASA f ive-ba l l  fa t igue  t e s t e r  shown i n  f igu re  2 was  used t o  s t r e s s  t h e  
Pyroceram 9608 t e s t  specimens i n  r o l l i n g  contact.  Essent ia l ly ,  t h i s  fa t igue  ap- 
paratus cons is t s  of a 1/2-inch-diameter t e s t  specimen (Pyroceram ba l l )  pyramided 
upon four lower l/Z-inch-diameter support balls (M-1 s t e e l  b a l l s )  , which are 
posit ioned by a separator and a r e  f r e e  t o  r o t a t e  i n  an angular-contact raceway 
( f i g .  2(b)). 

The b a l l  specimen i s  analogous i n  operation t o  t h e  inner race of a b a l l  
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bearing, while t h e  support b a l l s  and t h e  angular-contact raceway a r e  analogous t o  
t h e  b a l l s  and t h e  outer race of a b a l l  bearing, respectively.  

For every revolution of t h e  dr ive shaf t ,  the  t e s t  specimen receives three  
s t r e s s  cycles. 
cracks i n  t h e  running t r a c k  of a b a l l  specimen being studied. A more de ta i led  
descr ipt ion of t h i s  apparatus i s  given i n  reference 1. 

This type of fa t igue  t e s t e r  produces t h e  s p a l l s  and t h e  incipient  

Standard l i g h t  and electron microscopy equipment were used t o  obtain t h e  
r e s u l t s  reported herein. 

Sixteen 1/2-inch b a l l  specimens of Pyroceram 9608 were run i n  t h e  NASA f ive-  
1 b a l l  fa t igue  t e s t e r  f o r  durations up t o  1~ mill ion s t r e s s  cycles a t  7080 stress 

cycles per minute. 
added) with a synthet ic  d i e s t e r  lubricant meeting the  MIL-L-7808C specif icat ion.  
The b a l l  load was selected t o  produce a maximum Hertz s t r e s s  of 295,000 p s i .  

The fa t igue  t e s t s  were run a t  room temperature (no heat 

Subsequent t o  being run i n  t h e  fat igue t e s t e r ,  t h e  specimens were mounted i n  
l u c i t e  so t h a t  t h e  t rack  or ien ta t ion  could be seen. Two specimen or ientat ions 
w e r e  adopted. I n  the  f i rs t ,  t h e  specimen was positioned i n  t h e  mount so t h a t  a 
r a d i a l  l i n e  extending from t h e  center of the  b a l l  t o  a f u l l y  developed spa11 or 
fa t igue  f a i l u r e  i n  the  ba l l  running t rack  w a s  perpendicular t o  the  polishing sur- 
face ( f i g .  3 ( a ) ) .  The other specimen or ien ta t ion  i s  shown i n  f igure  3 ( b ) .  Here 
the  plane of t h e  running t r a c k  i s  p a r a l l e l  t o  t h e  polishing surface. The advan- 
tage of or ient ing the b a l l  specimen as i n  f igure  3 ( a )  would be t o  study t h e  fa- 
t igue  cracks emanating from the  spal led or f a i l e d  area,  propagating p a r a l l e l  and 
below t h e  running t rack.  If t h e  specimen i s  oriented as i n  f igure  3 ( b ) ,  the  in- 
c ipient  cracks a r e  seen i n  longitudinal section and can be readi ly  located with- 
out t h e  specimen having spal led.  

Once mounted i n  l u c i t e ,  the  specimens were ground and polished through the  
running t rack a few microns a t  a time. 
and electron microscopy (by t h e  methods described i n  ref.  3) f o r  changes i n  the  
mater ia l  . 

The exposed surface was examined by l i g h t  

The most s a t i s f a c t o r y  etching process used f o r  t h e  Pyroceram specimens con- 
s i s t e d  of a primary etchant of 5 par t s  of hydrochloric acid (concentrated),  5 
par t s  of hydrofluoric acid (45 percent) ,  and 45 par t s  of water, then a secondary 
etchant with methyl alcohol instead of the  water. Best r e s u l t s  were obtained 
with t o t a l  etching time ranging from 25 t o  30 seconds. 

A rep l ica t ion  technique w a s  employed for the  specimens t h a t  makes use of 
preshadowed s i l i c o n  monoxide rep l icas  deposited a f t e r  the  application of a de- 
hydrated l i q u i d  detergent re leasing agent ( r e f .  3 ) .  This procedure eliminated 
the  d i f f i c u l t i e s  encountered with p l a s t i c  rep l icas  because of t h e i r  tendency t o  
adhere t o  the  specimen and t o  t e a r  when removed. 

Subsequent t o  each examination of t h e  specimen surface, t h e  surface was 
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ground a f e w  addi t ional  microns and reexamined. 
or subsurface) of each incipient  crack observed 
subsurface cracks t h e  range of depths below t h e  

The length and posi t ion (surface 
were recorded, and i n  t h e  case of 
surface was a l s o  recorded. 

DISCUSSION O F  RESULTS 

Surface Cracks 

Two unstressed specimens were ground, mounted, polished, and examined i n  
order t o  have a basis f o r  comparing those specimens t h a t  had been stressed. Be- 
f o r e  sectioning, these unstressed specimens appeared t o  be per fec t ly  sound and 
flawless under re f lec ted- l igh t  microscopy examination. However, when they were 
sectioned, it was  noticed tha t  t h e  unstressed specimens had s m a l l  cracks o r i g i -  
nating a t  t h e  surface.  
inch. Figure 4 is  a representat ive micrograph of a surface crack or iginat ing i n  
an unstressed b a l l .  
caused by the  high f r i c t i o n  forces  induced i n  t h e  grinding process used i n  f i n -  
ishing t h e  b a l l s .  No b e t t e r  f in i sh ing  process i s  present ly  available.  However, 
it has been shown i n  reference 1 2  that small cracks a r e  inherent i n  t h e  surface 
of some glass  products and appear t o  be of t h e  same magnitude as those observed 
on t h e  surface of t h e  Pyroceram specimens.) 
i n  r o l l i n g  contact,  t h e  number of surface cracks increased. The average number 
of surface cracks around a s t ressed  t r a c k  f o r  given running times and t h e i r  range 
of lengths are given i n  t a b l e  I. 

These surface cracks ranged i n  length t o  as much as 0.003 

(It i s  believed that these  surface cracks a r e  i n i t i a l l y  

As  t h e  b a l l  specimens were s t ressed 

Subsurface Cracks 

Examination of unstressed specimens w i t h  e lectron microscopy revealed no 
subsurface mater ia l  defects .  However, examination of a l l  t h e  specimens s t ressed 
by electron microscopy revealed s m a l l  "holes" i n  t h e  subsurface region even when 
no crack w a s  o p t i c a l l y  v is ib le .  The electron micrograph i n  f igure  5 shows t h a t  
t h e  matrix around these holes no longer resembles the  matrix of a n  unstressed 
b a l l  ( c f .  f i g .  l ( d ) ) .  
lead t o  the  formation of t h e  holes and t h e i r  growth t o  t h e  s i z e  shown i n  f i g -  
ure 5. As  t h e  running time of t h e  specimen became grea te r ,  e lectron microscopy 
showed a s e r i e s  of short ,  disconnected, t h i n  cracks t h a t  appeared t o  emanate from 
t h e  holes i n  the  subsurface matrix ( f i g .  6 ) .  

It i s  not known w h a t  changes took place i n  t h e  m a t r i x  tha t  

A s  the  specimen w a s  continually s t ressed,  these small cracks t h a t  appeared 
t o  emanate from t h e  holes joined t o  form la rger  cracks which w e r e  observable as 
shown i n  t h e  electron micrograph i n  f igure  7. These cracks approached but 
stopped a t  t h e  c rys ta l s ,  then they  detoured around them. I n  f igure  7, t h e  crack 
has completely propagated around c r y s t a l  X, which i s  perpendicular t o  t h e  plane 
of t h e  micrograph, leaving a dark area i n  t h e  picture .  
p a r a l l e l  t o  t h e  plane of t h e  micrograph, the  crack widens i n t o  a dark area on 
e i t h e r  s ide of t h e  c rys ta l .  Careful examination of many specimens revealed t h a t  
t h e  c rys ta l s  themselves were i n t a c t  and t h a t  t h e  widest dark portion of t h e  crack 
was where the  crack had grown around them. 

A t  c r y s t a l  Y, which i s  

The subsurface incipient  cracks i n i t i a l l y  propagated p a r a l l e l  t o  t h e  surface 
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of t h e  running t rack.  The subsurface cracks joined and formed a three- 
dimensional network ( f i g .  8)  and, as such, worked t h e i r  way t o  t h e  surface a f t e r  
repeated s t ress ing.  Because t h e  crack network did not engulf t h e  e n t i r e  volume 
of a p o t e n t i a l  spal led area, failure was not simultaneous with the  crack network 
reaching t h e  surface.  However, t h e  unfractured mater ia l  was s t r u c t u r a l l y  weak- 
ened and crumbled, as evidenced by a multiple layer  of cracks between t h e  surface 
and what appeared t o  be t h e  o r i g i n a l  crack network. This crumbled volume subse- * 

guently f laked off  as multiple minute pieces t o  form a s p a l l  or f a t i g u e  f a i l u r e .  
Data f o r  subsurface developed cracks a r e  a l s o  given i n  t a b l e  I. 

I n  references 1 and 2 it was  noted t h a t  several  s p a l l s  occurred around t h e  
race of Pyroceram b a l l  specimens at  about t h e  same number of s t r e s s  cycles. I n  
the  invest igat ion herein it w a s  observed t h a t  subsurface incipient  cracks a l s o  
developed at  about t h e  same time a t  d i f fe ren t  locat ions around the  running t rack  
or race. This occurred because t h e  mater ia l  as a whole has a r e l a t i v e l y  uniform 
microstructure i n  t h a t  t h e  c r y s t a l l i t e s  a r e  r a t h e r  evenly dispersed throughout 
t h e  s t ruc ture ,  which makes t h e  probabi l i ty  of crack formation and development 
i n t o  a s p a l l  approximately equal f o r  a l l  s t ressed  sect ions of t h e  b a l l  specimen. 

I n  t h e  course of examining t h e  s t ressed  specimens, there  appeared t o  be in-  
dications t h a t  t h e  frequency of cracking was lowest and that t h e  cracks were 
shortest  where t h e  c r y s t a l s  were most c lose ly  spaced. This could occur f o r  two 
reasons. 
longer cracks by inh ib i t ing  t h e  propagation of t h e  crack, as mentioned pre- 
viously. Second, t h e  c r y s t a l s  could e f f e c t i v e l y  strengthen the  zone more than if 
they were widely separated, thereby re ta rd ing  t h e  i n i t i a t i o n  of t h e  crack. Thus, 
t h e  r a t e  of formation of cracks as wel l  as the crack propagation rate could be 
r e l a t e d  t o  t h e  spacing between t h e  c rys ta l s .  

F i r s t ,  t h e  c r y s t a l s  themselves would tend t o  block the  formation of 

As  indicated previously, t h e  fat igue phenomena of a bearing s t e e l  and of a 
crystal l ized-glass  ceramic may have p a r a l l e l s .  
gested t h a t  fa t igue cracks i n i t i a t e  at s m a l l  holes induced by repeated s t r e s s e s  
on t h e  b a l l  specimen. Polycrystal l ine,  ionic  compounds, and even amorphous ce- 
ramics probably have defects  randomly d is t r ibu ted  i n  t h e  s t ruc ture .  Presumably 
such defects may be created by t h e  presence of impurit ies or by thermal or me- 
chanical s t ress ing  of t h e  materials.  Thus, cycl ic  s t ress ing  accompanying t h e  
t e s t i n g  of t h e  bearings could very r e a d i l y  cause defects t o  form i n  those areas 
where s t r e s s e s  a r e  concentrated (e.g. ,  i n  t h e  area of t h e  resolved shear s t r e s s  
that  occurs below t h e  surfaces of bearings).  

For Pyroceram 9608, it i s  sug- 

I n  bearing s t e e l s  it is  probable t h a t  vacancies or voids e x i s t  i n  the  grain 
boundaries pr ior  t o  s t ress ing .  A l s o ,  it would be expected t h a t  the  martensi t ic  
needles t h a t  make up t h e  grain of the  s t e e l  not only i n t e r s e c t  but a l so  produce 
s t r e s s  concentrations t h a t  could furnish s i t e s  almost a t  random locations.  

The basic differences between an amorphous-glass matrix such as t h a t  found 
i n  Pyroceram ( t h a t  could contain random vacancy s i t e s )  and a f i n e  martensi t ic  
s t ruc ture  ( t h a t  on an overa l l  bas i s  should have almost a random d i s t r i b u t i o n  of 
vacancy s i t e s )  may not be so great  t h a t  behavior analogies should not be drawn 
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between t h e  two types of materials.  Other s i m i l a r i t i e s  between t h e  two materials 
a r e  t h e i r  extreme hardness and t h e  f a c t  t h a t  bearing s t e e l s  and Pyroceram have 
dispersed phases throughout t h e  microstructure. 

SUMMARY OF RESULTS 

Electron and l i g h t  microscopy techniques were used t o  study t h e  ro l l ing-  
contact fa t igue  charac te r i s t ics  of a crystal l ized-glass  ceramic known comer- 
c i a l l y  as Pyroceram 9608. 
t h i s  mater ia l  s t ressed  i n  r o l l i n g  contact f o r  various lengths of time (up t o  
1.25~106 stress cycles) w a s  studied a t  various depths below t h e  surface. 
following a r e  t h e  r e s u l t s  and conclusions of t h i s  study: 

The s t ruc ture  of l/Z-inch-diameter b a l l  specimens of 

The 

1. Prior t o  s t ress ing  t h e  b a l l  specimens, surface microcracks were detected 
by l i g h t  and electron microscopy. 
found i n  the grinding process used i n  f in i sh ing  t h e  b a l l  specimens. 

The or ig in  of these cracks can presumably be 

2. Surface cracks were found t o  increase i n  number and length with increas- 
ing s t r e s s  cycles. 

3. Subsurface cracks were found t o  develop upon s t r e s s  cycling. The se- 
quence of events leading t o  t h e  formation of subsurface cracks is believed t o  be 
as follows: 

a. Holes develop i n  t h e  subsurface zone of resolved shear s t r e s s  be- 
cause of changes caused by cycl ic  s t ress ing .  

b. A crack i n i t i a t e s  i n  t h e  disturbed zone coincident with a hole, pre- 
sumably a t  t h e  hole i t s e l f .  The cracks propagate through the  amorphous ma- 
t r i x  u n t i l  they reach a dispersed c r y s t a l  a t  which point they deviate around 
the  c rys ta l .  

4. Subsurface cracks propagate t o  the  surface and a l s o  connect with surface 
cracks t o  form a network. The volume enclosed by t h i s  network crumbles, thus 

i producing a spa11 or fa t igue  f a i l u r e .  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, August 14,  1963 
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TABLE I. - CRACK ORIGIN AND PROPAGATION FOR PYROCERAM 9608 

TESTED AT 295,000-PSI MAXIMUM HERTZ STRESS AND 

Range of 
depth, 

i n .  x103 

2360 RPM I N  THE NASA FIVE-BALL 

FATIGUE TESTER 

Range of Approxi- 
length,  m a t  e 
in .  x103 number 

s t r e s s  
cycles 

0 
1 1 3 ~ 1 0 ~  
339 
566 
1218 

------- 
3.4-9.9 
8.4-10.4 
8.4-31.2 
8.3-43.0 

3 
6 
10 
12 
15 

1 Subsurface cracks 

-------- 
4.9-21.0 

4.9-25.4 
3.5-38.6 

( b )  

0 
19.2-35.0 5 

--------- 

6.9-80.4 a 

(b) (b) 
6.9-43.6 a16 

“Cracks of subsurface o r ig in  can no longer be c l ea r ly  dis-  

bFully developed spa11 or f a i l u r e .  
t inguished from those of surface or ig in .  
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(a) Window glass. 

(c) Pyroceram 9606. 

(b) Carrara. 

(d) Pyroceram 9608. 

Figure 1. - All samples etched with a solution of hydrofluoric acid, hydrochloric acid, and water for 15 seconds 
and then a solution of hydrofluoric acid, hydrochloric acid, and alcohol for 10 seconds (electron micrographs). 
Rotary shadowed with chromium at approximately 30". 



Test 

w i g h g  

(a) Isometric view. 

Load 

I l l  

Support ba l l  -, , (i: I$ 

' I  L- Contact 
! LTest specimen 

(b) Schematic diagram. 

Figure 2 .  - Five-ball fatigue t e s t e r .  

Raceway 

axis 
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__--------- 

polished surface 
for examination - 

- Running track 
-Ball specimen- 

0 
mounting - 

(a) Radius to failure in track per- 
pendicular to polishing surface. 

(b) Plane of running track parallel 
to polishing surface. 

Figure 3. - Mounting of ball specimen for examination under li.ght and electron microscopy. 



1 

Figure 4. - Cross sect ion of crack of surface 
of  an unstressed b a l l  ( l i g h t  micrograph). 
Etchant: solut ion of hydrofluoric acid,  hy- 
drochloric acid, and water for 15 seconds; 
solut ion of hydrofluoric acid,  hydrochloric 
acid,  and alcohol for 10 seconds. Stained 
with Sanford's marker ( r e d ) .  

1" -2 p- 

6, 1 
> 

p1 -- 
J- 

0 0  

a 
0 

cg) 

C" /I 
2. 

hL Crack 

Figure 5. - Subsurface showing "holes" and re-  Figure 6. - Subsurface showing short  cracks 
gion of change i n  t h e  matrix (electron micro- 
graph). Etchant: solut ion of hydrofluoric graph).  Etchant: solut ion of hydrofluoric 
acid,  hydrochloric acid,  and water for 10 acid,  hydrochloric acid,  and water for 15 sec- 
seconds; solut ion of hydrofluoric acid,  hydro- onds; solut ion of hydrofluoric acid,  hydro- 
chlor ic  acid, and alcohol for 30 seconds. chlor ic  acid,  and alcohol for 5 seconds. Ro- 
Rotary shadowed heavily with chromium a t  ap- 
proximately 30'. 30' 

t h a t  have not yet connected (electron micro- 

t a r y  shadowed with chromium a t  approximately 
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Figure 7.  - Subsurface showing r e l a t i o n  between t h e  cracks and t h e  c r y s t a l s  ( e l e c t r o n  m i -  
crograph) .  
nor c r y s t a l  
crack.  Etchant:  s o l u t i o n  of hydrofluoric  acid,  hydrochloric ac id ,  and water f o r  15 
seconds; s o l u t i o n  of hydrofluoric  ac id ,  hydrochloric ac id ,  and a lcohol  f o r  10 seconds. 
Rotary shadowed w i t h  chromium a t  approximately 30°. 

Neither c r y s t a l  x, which is  perpendicular t 6  t h e  plane of t h e  micrograph, 
Y, which i s  p a r a l l e l ,  can be seen t o  be broken by t h e  progression of t h e  

14 



I II 

1 C - 6567 6 
Figure 8. - Subsurface showing a network of cracks that has developed (light micrograph). 
Etchant: 
solution of hydrofluoric acid, hydrokhloric acid, and alcohol for 5 seconds. 
with Sanford's marker (red). 

solution of hydrofluoric acid, hydrochloric acid, and water for 20 seconds; 
Stained 
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